A simple single feed circularly polarized microstrip antenna with Koch curve as boundary is presented. The two pairs of rectangular microstrip antenna edges are replaced by a Koch curve of 1st stage and 2nd stage with different indentation angles to get circular polarization. The proposed method is simple and easy to obtain circular polarization with reasonable 3 dB axial ratio bandwidth and 10 dB impedance bandwidth. The dependency of aspect ratio and fractal dimension of the boundary on the performance of the circularly polarized antenna is discussed.
INTRODUCTION
Current communication and sensor systems require a high degree of polarization control to optimize system performance. For microstrip antennas to be fully functional in such systems, and high polarization purity and isolation between orthogonal polarizations are needed, while they may be linear or circular [1] . Fractals enable us to increase the length of a curve effectively in a given space. The systematic way of increasing the length of a fractal curve can be done with the help of fractal dimension, which is defined as the space filling ability of the curve. To obtain circular polarization, the antenna is to have different electrical lengths in the two perpendicular directions of the patch such that orthogonal degenerate modes are excited.
For all calculations involving circular polarization, the series combination of two parallel RLC circuits is used to model the resonant behavior of the single feed circularly polarized microstrip antenna. This arises from the fact that feed independently excites two orthogonal modes, each of which is modeled as a single RLC circuit. The total voltage at the feed location is the sum of the voltages due to the individual modal responses, hence the equivalent circuit is two RLC circuits in series [2] .
There are many methods reported in the literature to introduce the asymmetry in the cavity of the patch [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The effect of fractal dimension on the resonant behavior of dipole antennas is presented by Vinoy et al. [17] . Rao and Yagateela [15] have reported circular polarization (CP) antenna with Koch curve as boundary to the triangular patch. However, it is easier to get CP with a rectangle-shaped antenna. Farswan et al. [18] reported a Koch CP antenna with a square patch. They used only one indentation angle, whereas the present paper discusses the effect of aspect ratio on the quality of circular polarization by changing indentation angle of the curve starting from 0 to 60 • . In this paper regular geometry of the patch is perturbed in order to introduce asymmetry with the help of Koch fractal curve to get circular polarization. It is known that when a straight line of length 'L' is transformed into a Koch fractal curve of iteration 'n' with indentation angle 'θ', the effective length will be increased and is given by [16] ,
When the indentation angle is chosen as 60 • , the length of the curve will be increased to 4/3 * L. Hence if the indentation angle of the boundary is chosen differently in two perpendicular directions of the patch, the required orthogonal modes will be generated resulting in circular polarization. Simultaneously the fractal dimension of the boundary also changes. The fractal dimension of Koch curve can be calculated using the formula given in Eq. (2) .
where n = number of copies and s = scaling factor. For the standard Koch curve, indentation angle (θ) = 60 • , n = 4, s = 3 and D = 1.261. If the indentation angle is made variable, the scaling factor becomes function of θ and is given by
In this paper, different stages of the antenna are discussed to observe the variation of resonant frequency and iteration. Further, the effect of aspect ratio and fractal dimension of the boundary on the performance of the circularly polarized microstrip antenna is presented.
ANTENNA GEOMETRY AND DESIGN
The generation of stage-1 of the proposed antenna is shown in Fig All the five antennas are fabricated on RT Duroid substrate of thickness 3.2 mm, relative permittivity of 2.33 and loss tangent of 0.0018. The end to end dimension of the patch is 36.4 mm. Photographs of the fabricated antennas are shown in Fig. 3 . Measurements are carried out at Defence Lab, Hyderabad using standard equipment made by Agilent. The rotating linear pattern is measured to verify the axial ratio at the center frequency in the boresight direction. Return loss (S 11 ) characteristics are measured to compute impedance bandwidth. Further, the input impedance plotted on Smith chart makes the designer know the center frequency having minimum axial ratio, and the antenna input impedance at the feed point is also shown. The same procedure is followed even for designing 2nd stage Koch CP antenna.
RESULTS AND DISCUSSION

Koch CP Antenna Stage-1
In order to study the behavior of the proposed antenna, Koch curves of stage 1 and stage 2 are used as boundary to the rectangular microstrip antennas. The simulated S 11 and axial ratio characteristics of the Koch CP antennas for various cases are shown in Figs. 4 and 5. By observing the graphs it is clear that both the return loss and axial ratio characteristics are shifted towards the origin as indentation angle is increased. All the antennas provide good circular polarization at the center frequency with axial ratio close to 0 dB in the boresight direction. Figs. 6 and 7 show the measured return loss and input impedance of Koch CP antenna-1 operating at 2510 MHz. The frequency corresponding to minimum axial ratio and the tip of the curve in the Smith chart are exactly the same. This indicates that the antenna provides perfect circular polarization at a frequency where the antenna is matched to the line. Fig. 8 shows the radiation pattern measured at 2510 MHz in two orthogonal planes. Fig. 9 depicts the rotating linear pattern for the same antenna which displays the axial ratio in all the directions. The width of the curve in a particular direction gives the axial ratio in that direction. It is clearly seen that this ratio in the boresight direction is almost 0 dB. The simulated and measured S 11 characteristics of cp antenna stage-1 are shown in Fig. 10 . There are different ways through which the eccentricity of circularly polarized antennas can be verified. The first one is with the help of return loss characteristics where the curve contains two close dips corresponding two orthogonal modes. This can be seen from Fig. 4 . The second one is through axial ratio characteristics shown in Fig. 5 . The AR characteristic shows that the 3 dB axial ratio bandwidth is around 1.6% and with 3 dB axial ratio at the center frequency very close to unity. The third one is through input impedance variation with frequency as shown in Fig. 7 . The curve contains a single loop of zero area. The fourth one is through radiation pattern or rotating linear pattern whose width in the boresight direction gives the value of axial ratio. The details of all the antennas are listed in Table 1 . The results of Koch CP antenna of stage 1 for all the cases are summarized in Table 1 . It can be observed that the center frequency of the antenna has been reduced from 2510 MHz to 2234 MHz when indentation angle is changed from 13 • to 60 • for the first iterated Koch CP antenna. As the indentation angle is changed, the corresponding fractal dimension of the curve also changes accordingly, which is an indication of space filling property of the curve. Hence the fractal dimension of the boundary and resonant frequency at which the antenna resonates giving circular polarization are inversely proportional to each other. It can also be related to aspect ratio which is described in the next section.
Koch CP Antenna Stage-2
The principle enumerated in the previous section to get circular polarization using Koch curve as boundary is also extended to the 2nd stage. Five different cases have been considered here. The geometry of the antennas with different indentation angles are shown in Fig. 11 obviously. When the 2nd stage is used, the electrical length or the perimeter of the patch is increased which lowers the resonant frequency. It is noted that the end to end dimension of the patch remains constant for all the cases. The real estate of the patch is also drastically reduced for higher indentation angles. S 11 and axial ratio characteristics of the 2nd stage CP antennas for all the cases considered are shown in Figs. 12  and 13 , respectively. The details of center frequency, impedance bandwidth, axial ratio bandwidth, etc. of the antenna are listed in Table 2 . From Table 2 it is inferred that for the 2nd iterated one the f o is lowered from 2495 MHz to 2170 MHz when the indentation angle of the Koch curve is changed from 12 • to 60 • . It is observed that the percentage reduction in resonant frequency for the 1st stage is 11%, as it is 13% for the 2nd stage. CP can be obtained only under certain favorable conditions, i.e., when the dimension of the patch satisfies the requirements necessary for generating the two modes as already discussed. This is verified through the aspect ratio (b/a) which can be calculated by computing the length in two perpendicular directions of the patch using the relations given in Eqs. (4) and (5) . where L = Initial side length of the Patch, θ 1 = Indentation angle along x-direction, θ 2 = Indentation angle along y-direction. The circular polarization is possible only when the aspect ratio of the patch is within certain limits. For the case of Koch fractal boundary CP antenna stage-1, the ratio should lie between 1.012 and 1.0537 as listed in Table 3 . Similarly for the 2nd stage Koch CP antenna the ratio must be within 1.0219 and 1.132 as given in Table 4 . Outside this range of aspect ratio, the CP operation is not possible. This range is true only for this substrate. If substrate properties are changed, the range of aspect ratio to get CP may be different [17] .
The current distribution over the patch is shown in Fig. 14 which will give an indication of excitation of two modes TM 10 and TM 01 . On both opposite pairs of the patch it is observed that the current is maximum at the center and zero or minimum at the edges. This is an indication of excitation of TM 10 or TM 01 modes, and is the prime requisite to get circular polarization. In order to get circular polarization, two orthogonal modes are excited. Two modes are excited as the patch is fed along the diagonal, and the electrical length in the two opposite pairs is slightly different. This method of obtaining circular polarization is simple compared to the methods presented earlier in the literature. The actual surface area of the patch (real estate) of Koch CP antenna-5 of second stage is 964 mm 2 operating at 2170 MHz. If conventional Euclidian shaped nearly square patch is used, it would require approximately 1760 mm 2 operating at the same frequency. By observing the graphs and Tables 1 and 2 , it is clearly understood that the aspect ratio impacts on the circular polarization.
CONCLUSION
The proposed Koch fractal boundary CP antenna is compact in size, provides good polarization purity, and is easy to tune the antenna structure for obtaining CP. Further, the antenna operates over a 3 dB AR bandwidth of 40 MHz (1.6%) and 10 dB impedance bandwidth of 155 MHz (6.2%) with center frequency of 2510 MHz. The antenna exhibits a gain of 4 dBi to 6 dBi over the entire band of operation. The aspect ratio and fractal dimension of the boundary play an important role in designing circularly polarized Microstrip antennas. It has been established that the aspect ratio can be varied with fractal dimension of the boundary which will affect the performance of the circularly polarized antenna to get axial ratio close to one.
